Vapour compression refrigeration-based air conditioners are being used for comfort cooling in residences, offices and commercial buildings in many countries throughout the world. These systems consume substantial power and energy and produce harmful effect on environment by damaging ozone layer. This article presents an analytical evaluation of energy saving potential of an indirect evaporative cooler for summer months in Indian climates. Three climates likely to be suitable for indirect evaporative cooling, namely composite, hot and dry and moderate, have been selected for this purpose. The monthly average environmental data for three Indian cities namely Delhi, Jodhpur and Bangalore representing three different climates were used for this study. Summer month-May was selected for the study. It has been found that in order to produce same cooling effect under the same climatic conditions, the power needed by indirect evaporative cooler to be about 55% less than that needed by a conventional air conditioner. The performance of an indirect evaporative cooler in the climates, hot and dry and composite, has been found to be almost similar. Thus, substantial energy can be saved by using this alternative in summer months.
INTRODUCTION
Conventional air conditioners which are based on vapour compression refrigeration system are being used for comfort cooling in residences, offices and commercial buildings in many countries throughout the world. These systems consume substantial conventional power and produce harmful effect on environment by damaging ozone layer. In order to reduce this power consumption, an alternative method of cooling is required. Indirect evaporative cooling is an environmentally friendly and energy efficient method for achieving thermal comfort conditions in building located in hot and dry regions. The systems based on indirect evaporative cooling have great potential to provide thermal comfort in places where ambient air humidity is low. India is a multi-climate country having variable weather conditions in different parts of the country. The day-time temperature often exceeds 408C and large difference exists between dry-bulb and wet-bulb temperatures, in many parts of the country. This offers an excellent opportunity for indirect evaporative cooling as an alternative to a conventional vapour compression-based air conditioner.
In the past, some studies have been conducted to determine energy saving potential of the evaporative cooler. Peterson et al.
[1] reported significant energy saving by using indirect evaporative cooling in new office building of US city. The focus of this study was to estimate reduction in peak electric demand. Anderson [2] presented economics of three-stage indirect/direct evaporative air conditioning systems. A parametric study was performed to identify the key variables that influence the economic evaluation required to justify the additional capital expense associated with installing an indirect/direct evaporative air conditioning system instead of a conventional mechanical refrigeration system. Chen et al. [3] investigated the energy saving potential of using indirect evaporative cooler to pre-cool incoming outdoor air as the first stage of a standard cooling system. Study was conducted for various US and Chinese cities, and they found that pre-cooling has a very good energy saving effect. Navon and Arkin [4] have conducted feasibility study of direct-indirect evaporating cooling for residences, in Israel, and proved superiority of an evaporative cooling over the air conditioner. Datta et al. [5] compared the possibilities in comfort terms of an indirect -direct evaporating cooling device for use in India. Heidarinejad et al. [6] conducted feasibility study of using various kinds of cooling systems including direct evaporative cooling, indirect evaporative cooling, desiccant wheel and mechanical cooling systems for residences in Iran to provide indoor thermal comfort. Badran [7] evaluated performance of cooling towers under various climates in Jordan.
Maheshwari et al. [8] have conducted a study to assess the energy saving potential of an indirect evaporative cooler in Kuwait. They found that the power requirement of a conventional packed unit air conditioner was 4.93 and 3.85 KW for the interior and coastal areas, respectively, and only 1.11 KW power was needed by the indirect evaporative cooler to provide same cooling. Delfani Shahram et al. [9] conducted an experimental study to find energy saving potential of an indirect evaporative cooler as a pre-cooling unit for mechanical cooling systems in Iran. Khandelwal et al. [10] explored the potential of reducing the annual energy consumption of a central air-conditioned building through advanced evaporative cooling systems. Thus, the number of researchers has made attempts to access energy saving potential of indirect evaporative cooler in various parts of the world.
The main objective of present work is to evaluate the performance of an indirect evaporative cooler and assess its energy saving potential in Indian climates. The analysis has been carried out in two steps. In first step, an assessment has been made to ensure whether indirect evaporative cooler is capable of creating comfortable indoor condition. In second step, calculation of power needed by indirect evaporative cooler and conventional air conditioner has been calculated and compared for the most favourable climates.
INDIRECT EVAPORATIVE COOLERS
An indirect evaporative cooler is a device that uses the evaporating effect in such a manner that no moisture is added to the supply air system. It comprises of a direct evaporative cooler (DEC) and a heat exchanger. Schematic of indirect evaporative cooler is shown in Figure 1 and arrangement of various components is shown in Figure 2 .
In indirect cooling, one stream of air called primary air is cooled sensibly (without addition of moisture) with a heat exchanger, while the secondary air carries away the heat energy from the primary air. Atmospheric air, commonly termed as secondary air, is cooled by DEC and then supplied to a heat exchanger. Air-to-air heat exchanger is used to cool primary air by secondary air. The primary air coming out of heat exchanger is cooled air without addition of moisture and can be supplied to the room for thermal comfort. In indirect evaporative cooling system, both the dry-bulb and wet-bulb temperatures are reduced. Indirect evaporative coolers do not add humidity to the air, but cost more than direct coolers and operate at a lower efficiency. The efficiency of indirect evaporative cooling is in the range of 40 -80% (ASHRAE [11] ).
Temperature of secondary air stream leaving DEC can be found out as,
where T S,1 is the dry-bulb temperature of air at inlet of DEC, T 0 S,1 is the wet-bulb temperature of air at outlet of DEC and T S,2 is the dry-bulb temperature of air at outlet of DEC.
Temperature of primary air stream leaving heat exchanger can be obtained as
where T P,1 is the dry-bulb temperature of air at inlet of heat exchanger, T P,2 is the dry-bulb temperature of air at outlet of heat exchanger (supplied to room), T S,2 is the dry-bulb temperature of air at inlet of heat exchanger (outlet of DEC) and h HX is the effectiveness of heat exchanger. 
DIFFERENT CLIMATIC ZONES OF INDIA

ASSESSMENT OF THERMAL COMFORT
For this purpose, weather data [14] , of three Indian cities namely Delhi, Jodhpur and Bangalore representing three different climatic zones namely composite, hot and dry and moderate, respectively, have been obtained. In a DEC, heat exchange between water and an air stream causes water to evaporate into air which reduces dry-bulb temperature and increases humidity ratio of air. For the present study, the efficiency of DEC can be assumed constant [15] . In the present work, DEC has been assumed to have an efficiency of 0.7. The temperature of air leaving the DEC can be obtained from Equation (1), assuming the process to be adiabatic. Outlet air from DEC, which is cooled and humidified, is supplied to the second-stage heat exchanger. This air is used to cool another stream of supply air indirectly. Thus, leaving air from the heat exchanger is cooled without increasing its humidity. The temperature of this leaving air T S,2 can be calculated from Equation (2) . Effectiveness of heat exchanger has been assumed constant, i.e. 0.6 [15] . Specific humidity of this air is same as primary air. This cooled air can be supplied to the room for comfort. Thus, temperature of the leaving air has been calculated for whole day and for the month of May for each city. The outlet conditions of indirect evaporative cooler have been plotted on psychrometric chart, as shown in Figures 3-5 . It indicates that in the month of May for Delhi and Jodhpur, room conditions are almost within the comfort zone (suggested by Sharma and Ali [16] ), while, in case of Bangalore, most of the points on the plots are left side of the comfort zone and a few are within the comfort zone, the indirect evaporative cooling system need not be required most of the time for moderate zone. 
COMPUTATION OF ENERGY SAVING
The cooling effect of an indirect evaporative cooler is given by:
where m a is the mass flow rate of air in m 3 /s, r is the density of the air at DBT in kg/m 3 , c p is the specific heat at the average DBT, T P,1 is the inlet DBTof primary air, T P,2 is the outlet DBTof primary air coming out of the indirect evaporative cooler and (T P,1 2 T P,2 ) is the net cooling achieved by indirect evaporative cooler. For this analysis, following parameters were assumed constant.
Power saving using evaporative cooler can be calculated using following relation:
where P conv is the power needed by the conventional air conditioner and P evp is the parasitic power of the evaporating cooling system, such as motor for the fan and pump. And P conv can be calculated from the following relation:
where PR conv , the power rating of the conventional air conditioning system depends on the ambient conditions and on type and make also. The conventional air conditioning of standard size of 2500 CFM has been used for estimating power saving potential and providing the same cooling as that of evaporative cooler. In the conventional air conditioning, the main power consumer is the compressor, condenser, fan and the air distribution fan. Its power rating represents combined power of the compressor and condenser fan which can be calculated as follows:
The fan power can be calculated using following relation (ASHRAEY [17] )
where Q f is the volumetric flow (L/s), DP is the fan total pressure rise (Pa), h f is the fan efficiency, h M is the motor efficiency. Air distribution fan-power for the circulation of 2500 CFM (1180 L/s) of the primary air through the conventional unit is 0.42 KW, assuming a pressure drop of 200 Pa and motor and fan efficiencies of 80 and 70%, respectively.
The parasitic power of the evaporating cooling system (P evp ) is taken as 1.11 KW which is the sum of power ratings of primary air fan motor (0.44 KW), secondary air fan motor (0.38 KW) and the water pump (0.29 KW).
RESULTS AND DISCUSSION
In order to assess thermal comfort using an indirect evaporative cooler, mean hourly weather data for Delhi, Jodhpur and Bangalore has been used to compute cooler outlet conditions (i.e. hourly values of dry-bulb temperature and specific humidity) and plotted on psychrometric charts. Figures 3-5 indicates the outlet conditions of the indirect evaporative cooler with reference to a comfort zone suggested by Sharma and Ali [16] . As in case of Delhi and Jodhpur, most of the points on the plots are within the comfort zone or near to the comfort zone, the indirect evaporative cooling system can be considered as capable of providing thermal comfort in buildings by operating with the appropriate air changes. While in case of Bangalore, most of the points on the plots are left side of the comfort zone and a few are within the comfort zone, the indirect evaporative cooling system need not be required most of the time for moderate zone.
Power needed by conventional air conditioning system and indirect evaporative cooler has been calculated for design day and presented in the Figure 6 for Delhi and in the Figure 7 for Jodhpur. A comparison of power needed by a conventional and indirect evaporative cooler is presented in Figure 8 . It is seen that total power saving in a day for the month of May is found to be 19.38 KW for Delhi and 20.77 KW for Jodhpur. And total power saving in a month for Delhi and Jodhpur is found to be 600.78 and 643.87 KW, respectively. Maximum power saving is obtained between 13.00 and 17.00 h. This indicates power saving for a month only. The seasonal energy saving can be estimated by adding energy saving for other summer months also. Thus, it can be observed that the power needed by an indirect evaporative cooler is only 57.89% in composite climate (Delhi) and 56.19% in hot and dry climate (Jodhpur) compared with that of conventional air conditioner. Thus, lot of energy and money can be saved by using this alternative in the summer months.
CONCLUSIONS
From the present study, it can be concluded that an indirect evaporative cooler can be used to provide thermal comfort of occupants in buildings located in hot and dry and composite climatic zones of India. The appropriate air changes may be selected to suit the cooling load of any given building. Performance of an indirect evaporative cooler has been found to be almost same in both the climatic zones under consideration. Power saving in the month of May is found to be 600.78 and 643.87 KW for Delhi (composite climate) and Jodhpur (hot and dry climate), respectively. Maximum power saving is obtained between 13.00 and 17.00 h. So, an indirect evaporative cooler can be an alternative for providing thermal comfort of occupants with reduced energy use in some parts of India. 
